ABSTRACT Acoustic artificial periodic structures, also known as phononic crystal, have been widely used in special acoustic problems such as low-frequency vibration reduction and noise reduction due to their bandgap characteristics. Different from previous researches, which focus on the bandgap characteristics, we designed a locally resonant artificial periodic structure, which can not only use the bandgap characteristics to design a directional transmission channel of acoustic waves, but also use its bandpass characteristics to generate multidirectional transmission of acoustic waves. The vibration mechanism of two-dimensional, three-components phononic crystal lattice structures was given, and a variety of directional transmission models of acoustic waves were constructed based on the unit cell. The simulation results showed that acoustic directional transmission characteristics were produced by the locally periodic resonance structure, and the transmission direction depends on the design of the structure. By taking advantage of the superposition properties of acoustic waves, the incident acoustic wave in the horizontal direction can be converted into the outgoing acoustic wave in the vertical direction without changing the position of the model, and this capability greatly expands the application range of the artificial periodic structure. In addition, the transmission characteristics of the directional transmission effect have a strong correlation with the frequency; that is, limited by the wavelength, the acoustic pressure distribution mode at different frequencies will be different. At the resonant frequency of the structure, the transmission efficiency of the acoustic wave will be highest. Moreover, similar to the traditional artificial periodic structure, the acoustic model proposed in this paper also has bandgap characteristics. Using bandgap characteristics, we designed an acoustic directional transmission channel to achieve uniform directional transmission of acoustic waves. These results greatly enrich the application space of artificial acoustic structures and provide new ideas for acoustic communication, acoustic detection, and acoustic stealth.
I. INTRODUCTION
The concept of acoustic artificial periodic structures, also known as acoustic metamaterials, refers to artificial functional materials whose mass density and modulus are both negative, [1] or where one of the parameters is negative [2] . The study of these materials not only promotes the development of acoustic theory on the conceptual level but also
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provides the possibility to study various novel acoustic phenomena including acoustic focusing, [3] - [5] acoustic shielding [6] - [8] and acoustic imaging [9] - [11] . Therefore, artificial periodic structures have become a topic of great interest in acoustics research.
The study of negative acoustic metamaterials parameters originated from local resonance phononic crystals. In 2000, Liu et al. [12] first proposed the phononic crystal band gap based on the local resonance mechanism. A threedimensional, three-component locally resonant phononic VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ crystal was fabricated by periodically inserting a lead core coated with soft materials into an epoxy matrix material. Both theoretical and experimental results of this research showed that the limitation of the Bragg condition could be exceeded and became an important breakthrough in the field of phononic crystals. After that, Goffaux et al. [13] proved theoretically that two-dimensional, three-component phononic crystals also have local resonance band gaps. Combining Fano-like phenomena and the approximate mechanical vibration model revealed the mechanism by which local resonance band gaps are formed. In addition, Goffaux et al. [14] compared the attenuation of propagating waves produced by Bragg band gaps and local band gaps in two-dimensional phononic crystals. The theoretical results showed that the attenuation of the former was significantly higher than that of the latter, which further confirms the superiority of the local resonance phononic crystal design. Furthermore, Hirsekom and Wang et al. [15] - [18] have studied the local resonance band gap mechanism of phononic crystals. Their basic idea was to simplify the local resonance phononic crystal cell into a lumped parameter system consisting of a mass and spring. The starting and stopping frequencies of the local resonance band gap could be estimated by analyzing the resonance mode and natural frequencies of the simplified system. This series of research results undoubtedly laid the foundation for the study of locally resonant acoustic metamaterials and enriched the application scope [19] - [21] of acoustic metamaterials. Due to the broad application prospects in special acoustic problems such as low frequency vibration reduction and noise reduction, most existing artificial periodic structure designs focus on the analysis and implementation of local resonance band gap characteristics. In 2011, Wang et al. [22] studied the bandgap properties of two-dimensional phononic crystals with cross-like holes. They found that the generation of the lowest bangdap is a result of the local resonance of the periodically arranged lumps connected with narrow connectors. In 2015, Gao et al. [23] proposed a two-dimensional phononic crystal with the two resonators. They conclude that the local resonance and the scattering interaction between two resonators and matrix can open bandgaps at lower frequencies. In 2018, Zhang et al. [24] investigated the effects of symmetries on the bandgap in a newly designed hybrid phononic crystal plate composed of rubber slab and epoxy resin stub for better controlling of bandgaps. They found that the point group symmetry and translation group symmetry can be important factors for controlling of the bandgaps of phononic crystal. The study of these band gap characteristics makes the artificial periodic acoustic structure have a wider application in suppressing and attenuating acoustic waves, and provides a new means for vibration control. However, the band before the band gap start frequency, also known as passband, is often not effectively utilized (especially for directional transmission of acoustic waves). Most of the existing researches use gradient structures to design artificial periodic structures, which generate negative equivalent acoustic parameters in the passband and produce directional transmission phenomena. [25] - [30] The design of this gradient structure obviously increases the difficulty of sample preparation. In addition, such directional transmission is often limited to a linear direction, which is not effective for variable direction transmission. For this reason, unlike previous studies on band gap or gradient structures, this paper uses the local resonance characteristics of the artificial periodic structure to manipulate the transmission phase of the acoustic wave, thereby influencing the transmission direction at resonance frequencies other than the band gap. Therefore, the design of the artificial periodic structure can be used to manipulate the directional transmission of acoustic waves in multiple directions, widen the available frequency band of the local resonance structure. To observe the acoustic transmission more intuitively, COMSOL finite element simulation software was used in this paper to simulate and analyze the acoustic field characteristics. The parameters of the materials used in the simulation are as follows: ρ water = 1, 000 kg/m 3 , c water = 1, 500 m/s, ρ lead = 11, 600 kg/m 3 , c lead = 2, 160 m/s, ρ epoxy resin = 1, 180 kg/m 3 , c epoxy resin = 2, 680 m/s, ρ rubber = 980 kg/m 3 , c rubber = 300 m/s.
II. MODEL STRUCTURE DESIGN

III. THEORETICAL ANALYSIS OF THE MODEL
In homogeneous media, the refraction phenomena of acoustic and electromagnetic waves can be directly determined by basic elastodynamic or electrodynamic equations. For example, acoustic waves incident from one medium to another will follow Snell's law at the interface.
where n 1 and n 2 represent the refractive index of the two media. The refractive index n in Snell's law is the characteristic parameter of the medium. For acoustic waves,
where ρ and E represent the mass density and elastic modulus of the corresponding homogeneous medium. For normal materials, n is positive, and the incident and refracted waves are located on both sides of the normal line, respectively. However, when ρ < 0, E < 0, the refractive index of the medium will become negative, that is, negative refractive index material. At this time, the incident and refracted waves are located on the same side of the normal line. When negative refraction occurs, the wave vector k in the medium is negative, which is antiparallel to the direction of the energy transfer vector S. Since the direction of S is always forward propagating, the isophase plane of the refracted wave will propagate in the reverse direction. In addition, when negative refraction occurs, the tangential component of the refracted wave vector at the interface can be kept continuous (parallel in the same direction) with the incident wave vector, which also satisfies the basic condition of refraction. However, the normal component of the refracted wave vector and the incident wave vector are anti-parallel, which is a direct reflection of the negative refraction characteristics. Therefore, the key to achieving negative refraction of acoustic waves is to find a medium with a 'double negative' characteristic.
In fact, the unit cell proposed in this paper (inserting the rubber-coated lead core into the epoxy resin substrate) has a 'double negative' characteristic. The negative mass density is achieved by a high density core in an epoxy substrate. Since the lead core is heavier than the epoxy resin, when the frequency is increased to near the resonant frequency, the role played by the heavy core in the system becomes larger and larger. This inevitably makes the equivalent medium appear to be heavier and heavier until the equivalent mass density diverges at the resonant frequency; The negative elastic modulus is achieved by the rubber placed in the epoxy substrate. Since the rubber is softer than the epoxy resin, when the frequency is increased to near the resonant frequency, the role played by the soft core in the system also becomes larger and larger. This makes the effective medium appear to become softer and softer until the effective modulus becomes negative and eventually diverges at the resonant frequency. Therefore, near the resonant frequency, the equivalent mass density and the equivalent elastic modulus will be negative at the same time, which will lead to the realization of negative refraction effect.
Based on the above negative refraction mechanism, we can design artificial periodic structures with directional transmission characteristics. As shown in Fig. 2 , we explore a rectangular artificial periodic structure and cut it along the diagonal line to form the right triangle structure proposed in this paper. When the acoustic wave is incident on the left side of the rectangular structure, it is affected by the negative refraction characteristic, which will produce a focus point at the center and continue to spread the acoustic wave outward. When the acoustic wave exits the rectangular structure, it is affected by the negative refraction characteristics, and a focus point is generated on the right side, thereby realizing the linear transmission of the acoustic wave. Similarly, we can predict that acoustic waves will emit along the oblique side of the right triangle structure in Figure 2 (b). If we change the angle of the triangle structure, we can also predict the exit position of the acoustic wave (Fig. 2c) . In order to verify the rationality of the negative refraction theory, we numerically simulate the acoustic field distribution of the three structures in Fig. 2 . As shown in Fig. 3 , the results are consistent with theoretical predictions, confirming the feasibility of the theory. Due to the variable direction transmission characteristics, we will focus on the acoustic field distribution of the right triangle structure in the next section.
IV. RESULTS AND ANALYSIS
As shown in Fig. 4(a) , a plane acoustic wave with a frequency of 56 kHz spreads out in free space with a linear transmission direction. When the plane acoustic wave is incident on the artificial periodic structure we designed, as shown in Fig. 4(b) , the acoustic wave produces a VOLUME 7, 2019 directional transmission. The emitted acoustic wave is generated along the hypotenuse of the right triangle array. This direction change is due to the local resonance characteristics of the structure causing a phase modulation of the acoustic wave in the direction of the model structure. Macroscopically, if we consider the array structure to collectively be a medium with a predetermined angle for the triangular structure, then these characteristics determine the directional transmission of acoustic waves. The transmission direction is manipulated by the model structure. Different local resonance structures will produce outgoing acoustic waves in different directions. As shown in Fig. 4(c)-(d) , changing the model structure will produce multidirectional outgoing acoustic waves, but it is always at the corners of the model. Therefore, it is only necessary to design the position of the corner to achieve acoustic wave emission in any direction.
However, this has also become a limitation of the directional transmission method: the direction of the outgoing acoustic wave can only be changed by changing the orientation of the triangular array model. For example, if the acoustic wave is to be emitted in the vertical direction, then the apex must be oriented in the vertical direction, that is, by tilting the triangular array. This is relatively complicated for specific applications. The remainder of this paper is focused on making the acoustic waves incident in the horizontal direction produce vertical acoustic waves without changing the position of the model.
Based on the acoustic manipulation characteristics described above, we continue by symmetrically combining artificial periodic structure models. The superposition of acoustic waves is used to control the direction of acoustic wave emission. As shown in Fig. 5 , we placed two of the array models shown in Fig. 4(c) symmetrically about the vertical axis. We then defined two identical linear excitation sources in the horizontal direction so that the acoustic waves are incident on the model from the horizontal direction. As described above, it can be found that the wave front still emits acoustic waves at the vertex angle due to the local resonance period structure. However, the acoustic wave is no longer obliquely ejected. A vertical emission is achieved by the acoustic wave superposition effect. As a result, the acoustic wave, incident in the horizontal direction, can be converted into an outgoing acoustic wave in the vertical direction without changing the orientation of the model, which greatly expands the applications for artificial periodic structures.
To explore the influence of incident acoustic wave frequency on the exiting acoustic pressure, as shown in Fig. 6 , we select a vibration period and make an acoustic pressure waveform diagram of the outgoing acoustic waves at different frequencies. We can see that the vibration becomes inverted as the frequency is increased from 55 kHz to 60 kHz. As the frequency is increased from 55 kHz to 57 kHz, the acoustic pressure amplitude gradually increases in the positive direction of the Y-axis, while as the frequency is increased from 58 kHz to 60 kHz, the acoustic pressure amplitude gradually increases in the negative direction of the Y-axis. This increase occurs because 57 kHz and 60 kHz are the resonant frequencies of the periodic structure, and the acoustic pressure amplitude is highest at the resonant frequency. The reason for the vibration inversion is that the wavelength changes along with the frequency. Therefore, there are two states of the wave front from which the acoustic waves are emitted: the same phase or opposite phase in relation to the incident acoustic wave. In either case, the amplitude will reach its maximum at the resonant frequency. That is, the acoustic directional transmission characteristics at the resonant frequency are optimal. It is worth noting that we only present one of the vibration cycles for this discussion. In fact, the periodic structure has numerous vibration periods varying from in-phase to anti-phase at its passband. There are also multiple resonant frequencies, which greatly broadens the applications for the periodic structure.
In addition to changing the transmission path of an acoustic wave, there is often a need to bend the transmission path in the actual process of directional transmission of an acoustic wave. However, due to effect of diffraction, the wave front is vulnerable to damage in the bending path, and it is difficult to propagate with low loss. Therefore, the local resonance periodic structure is used to design a bending acoustic path in this paper. As shown in Fig. 7 , the cell structure is evenly embedded in a curved epoxy matrix in the form of triangular arrays, and plane acoustic waves are incident at one end of the model.
As shown in Fig.7 , the artificial periodic structure can effectively manipulate the wave front at the resonant frequency so that it can be transmit through the model structure. In this way, the attenuation loss of an acoustic wave in the bending path is greatly reduced. By observing the acoustic pressure waveform at the boundary section of the model, as shown in Fig. 8 , it is obvious that the wave front remains intact even when it propagates along a curved path. As mentioned above, the acoustic pressure amplitude at the resonance frequency (57 kHz) is the largest and the transmission efficiency of the acoustic wave (92%) is the highest with this vibration period. This study undoubtedly confirms the unique advantage of the local resonance artificial periodic structure in the process of directional transmission of acoustic waves. Based on the manipulation characteristics of the wave front, the design of the structure can achieve a variety of directional transmission modes at the resonant frequency.
Moreover, similar to the traditional artificial periodic structure, the acoustic model proposed in this paper also has band gap characteristics. As shown in Fig.9 , using its band gap characteristics, we can design acoustic directional transmission channels to achieve uniform directional transmission of acoustic waves. These results greatly enrich the application space of artificial acoustic structures and provide new ideas for acoustic communication, acoustic detection and so on.
V. CONCLUSIONS
In this paper, the COMSOL finite element method was used to study the acoustic propagation characteristics in twodimensional, three-component locally resonant artificial periodic structures. Previous research on the manipulation of acoustic wave transmission direction used the band gap feature. This paper differs from the prior research by using the local resonance characteristics of an artificial periodic structure to control the transmission direction, which enhances the design flexibility of acoustic wave control structures. Based on theoretical analysis and the results of numerical simulations, the following conclusions can be summarized: (a) Because the phase modulation of the acoustic wave is caused by the local resonance characteristics of the model, the directional transmission depends on the model structure. It is therefore necessary to design the corner position to achieve acoustic wave emission in any direction. (b) The transmission efficiency is related to the frequency of the acoustic waves. The transmission characteristics of the acoustic wave improve closer to the resonance frequency. Therefore, it is necessary to design different structures under different application requirements to achieve perfect acoustic transmission characteristics at the resonant frequency. (c) To meet the requirements of the bending transmission path for acoustic waves in practical engineering applications, the bending acoustic waveguide is designed by VOLUME 7, 2019 using the local resonance artificial periodic structure. The directional transmission of acoustic waves at resonant frequencies along the bending structures further confirms the unique advantage of the local resonance artificial periodic structure in the process of directional transmission of acoustic waves. 
